Introduction
Quintessential features of rubber's stress-strain response are its high recoverability, and its nonlinearity. A primary task in understanding mechanical behavior of rubber is to characterize its stress-strain response. For many typical situations, the applied loading is cyclic and the stress state is multiaxial. While many uniaxial studies of rubber deformation and characterization exist, theories and experimental data of rubber subject to multiaxial stressing are less common ͓1,2͔, particularly for the case of cyclic loading. Cyclic load histories are of particular importance in the analysis of fatigue, since fatigue is inevitably associated with histories of applied cyclic loading. This paper discusses characterization and modeling of rubber stress-strain response under both monotonic and cyclic load histories. In particular, the stress-strain response of a filled, natural rubber compound is considered. While unfilled rubbers exhibit nearly ideal nonlinear elastic behavior, filled rubbers exhibit more complex history dependent behavior. In applications, filled rubbers are most often used due to their generally superior properties and lower cost.
First, hyperelastic models are briefly reviewed, followed by a discussion of the Mullins effect. Attention is then focused on the stress-strain response in three different strain states: simple tension, planar tension, and equibiaxial tension. Generally, it is demonstrated that hyperelastic constitutive models can be applied to the monotonic response, and to limited aspects of the steady state cyclic response. A full description of the observed behavior, however, is beyond the capability of hyperelastic models. Axialtorsion specimen stress-strain results obtained from pure axial, pure torsion, proportional, and non-proportional tests are also presented and discussed. Cyclic stress-strain response is considered, and compared with the monotonic behavior. The Mullins effect was observed under various loading paths. Finally, the effects of a short period of initial overloading on the subsequent evolution of the stress-strain response are discussed.
Constitutive Models
Most commonly, hyperelastic constitutive models are used to describe the nonlinear elastic behavior of rubber. Hyperelastic models are capable of representing a nonlinear elastic stress-strain relationship that is independent of prior strain history. Such models are especially appropriate for characterizing unfilled, vulcanized rubber. Rubbers used in engineering applications tend to contain large proportions of fillers, often greater than 20 percent by weight, which impart a significant history-dependent softening effect, known as the Mullins effect. Constitutive models that capture this effect are not yet in widespread use, although there appear to be some promising recent developments ͓3͔. This section briefly reviews existing hyperelastic constitutive models, and their ability to capture observed stress-strain behavior of rubber. This discussion is followed by a brief description of the Mullins effect.
2.1 Hyperelasticity. The underlying hypothesis of hyperelasticity is that there exists a scalar-valued potential function, the strain energy density function W, which is a function of the strain state, and whose derivative with respect to a particular strain component gives the corresponding stress component. In the context of finite strain elasticity, several distinct approaches to quantifying stress and strain are available. The choice of strain measure determines the stress measure that results from differentiation of the strain energy function, since the stress and strain must be energetically conjugate.
Because of rubber's near incompressibility, the stress calculation procedure often consists of first splitting the stress and strain states into hydrostatic and deviatoric components. A detailed description of these calculations is available elsewhere ͓4 -6͔. Due to the nonlinear nature of the stress-strain models, and the transformations involved, it is not usually practical to derive a single, closed-form, general-purpose stress calculation for rubber. Instead, the calculations are typically programmed and carried out with the aid of a computer.
Many particular hyperelastic material models have been developed ͓7-13͔, and several detailed reviews of the characteristics and suitability of these models are available ͓4,14 -16͔. A general approach to hyperelasticity is to assume that the strain energy density is some arbitrary function of the three strain state invariants. Invoking incompressibility, only two of the invariants need be considered, commonly: I 1 ϭ 1 2 ϩ 2 2 ϩ 3 2 , and I 2 ϭ 1 Ϫ2 ϩ 2 Ϫ2 ϩ 3 Ϫ2 . The strain energy density function may be approximated with a polynomial expansion in these two variables. This has been called the Generalized Polynomial model ͓7,8͔. Although the approach admits an arbitrarily complex range of nonlinear elastic constitutive behavior, in its most general form, it suffers certain drawbacks. First, a satisfactory curve fit to find its coefficients is heavily dependent upon data that covers the entire range of multiaxial stress/strain states to be represented. When the model is used to predict stresses under conditions not represented in the original experimental data, the results can be highly inaccurate. In addition, this model readily admits unstable strain energy density functions ͑where an increase in strain results in a decrease in strain energy͒. Finally, this model requires a large number of coefficients that have no physical meaning.
Certain special cases of the Generalized Polynomial model are quite useful, however. The simplest of these is the Neo-Hookean model, which retains a single term of the polynomial model. Although its accuracy is not as great as other models, particularly at large strain levels, the Neo-Hookean model has several virtues. First, this model can be derived from statistical thermodynamic considerations of a Gaussian distribution of long-chain molecules. The model has a single coefficient, corresponding to the smallstrain shear modulus G of the rubber. A significant advantage is that this model is unconditionally stable. A fit of the model to the stress-strain curve is one strain state is often adequate for predicting stress-strain curves in other strain states, at least for small and moderate strains. In terms of engineering stress and strain, the Neo-Hookean model exhibits a softening curve ͑i.e., decreasing stiffness with increasing strain͒, which is also typically exhibited by rubbers at low and moderate strains. At large strains, however, the rubber stress-strain curve exhibits significant elastic stiffening. The Neo-Hookean model cannot capture this behavior.
Several models simultaneously exhibit unconditional stability, and capture both the initial softening and subsequent stiffening behavior that is typical of rubber. These include the Arruda-Boyce ͓11͔ and Gent models ͓10͔. It is also trivial to ensure stability of the Yeoh ͓12,13͔ model. These models share the assumption that the strain energy density function depends only on I 1 . The Arruda-Boyce model is based on the mechanics of a representative volume element composed of eight non-Gaussian polymer chains. No consideration is made of any effects of fillers. This model has two curve fit constants-the initial shear modulus G, and the locking stretch m . The locking stretch is the stretch at which the stress goes to infinity because polymer network chains are fully extended and rigid. The Gent model was also developed to capture phenomenologically the effects of finite chain extensibility, and is quite similar in response to the Arruda-Boyce model. A practical disadvantage of the Arruda-Boyce and Gent models is that the precise shape of the stress-strain curve may not be accurately represented, particularly in the case of filled elastomers ͑Han et al. ͓14͔ found that this is particularly highlighted in plots of reduced stress vs. inverse of the stretch-i.e., the so-called Mooney-Rivlin plot͒. In addition, the Arruda-Boyce model does not capture the intermediate deformation softening behavior and does not prove suitable for constitutive modeling of filled elastomers. The Yeoh model is a cubic function in I 1 . No physical basis for this model is claimed, but fits to observed data from multiple strain states can be achieved quite readily.
A recent volume on the subject of rubber constitutive modeling ͓17͔ shows that many researchers continue to search for a hyperelastic model that: ͑1͒ gives a good fit to observed stress-strain behavior under multiple strain states, ͑2͒ minimizes the number of curve fit parameters required, and ͑3͒ is physically meaningful. Quite good curve fits can be obtained with existing models, particularly in light of the fact that the resulting residual errors are often smaller than observed inelastic effects that can't be captured by hyperelastic models. From a phenomenological viewpoint, the differences between hyperelastic models consist entirely in how well each conforms to a particular path-independent, nonlinear stress-strain curve. A significant problem that arises in applying these models is that they do not address certain types of history dependence that significantly affect the stress-strain behavior of rubber. A convincing demonstration of this limitation was reported recently by Ahmadi et al. ͓18͔.
Mullins Effect.
The largest history-dependent effect in many rubber compounds is the Mullins Effect. Mullins ͓19͔ studied the transient stress-strain response of rubber under cyclic loading, and later made a review on this topic ͓16͔. On the initial loading, he found the virgin material exhibits a relatively stiff response. When the material is subsequently unloaded, then reloaded, the stress-strain curve follows a significantly softer path. After several cycles, the stress-strain response stabilizes, and additional cycles merely retrace the path of the stabilized stressstrain curve. If the previous maximum strain is not exceeded, the effect is relatively permanent.
By virtue of the considerable softening of the nonlinear elastic response, the hysteresis during the first few cycles of loading to a new maximum strain level is much greater than the hysteresis under subsequent steady-state cyclic loading. The large initial hysteresis is believed to be associated with dissipation of strain energy due to the rearrangement of loading paths ͑bonds͒ in the elastomer-filler material system. The precise types of rearrangement involved remain imprecisely understood, as multiple plausible possibilities have been proposed ͑''slipping'' or breaking in the elastomer network topology or in filler-filler bonds ͓20͔, rubber-filler interface debonding͒. The review by Mullins ͓16͔ contains a helpful comparison of competing views. Experimental evidence ͑via swelling and creep experiments͒ suggests that the effect involves both reversible and irreversible rearrangements ͓21,22͔.
The degree to which rubber is softened by the Mullins effect depends on the maximum value of the strain experienced during the loading history. The larger the maximum strain experienced, the softer the stabilized response. One consequence is that each material point in a non-uniformly strained body achieves a distinct stabilized stress-strain response, depending on the maximum strain experienced at each point.
In light of the significance of the Mullins effect to rubber's mechanical response, it is surprising to find only a few recent attempts to model it in a way suitable for use in continuum mechanics or finite element analysis. Within the last decade, several researchers have published models for the Mullins effect ͓3,23,24͔, and a series of conferences have been held that focused attention on the subject ͓25͔. The Mullins effect has important implications in the analysis of fatigue of rubber. When fatigue life is to be correlated with steady-state stress-or energy-based parameters, care must be taken to ensure that softening in the part to be analyzed corresponds to softening during the determination of material fatigue properties. In this regard, strain-based fatigue approaches are easier to apply in displacement-controlled situations, since the constitutive response is not involved. Note that the type of history dependence associated with the Mullins effect suggests that peak loading should be a key consideration in fatigue analysis of rubbers, along with the loading range. A second consideration is that the Mullins effect implies dependence on load sequence ͓26͔. Common approaches for variable amplitude cycling do not attempt to capture these effects. Additional research is required to develop a suitable approach for the analysis of variable amplitude loading histories.
3 Experimental Program 3.1 Material and Specimens. Filled, Natural Rubber compounds are often used in mechanically severe applications, due to their superior fatigue properties. The experiments in this work were therefore performed using a nonproprietary filled Natural Rubber formulation, which is given in Table 1 . The cure condition was 50 minutes at 146°C. Crack nucleation and growth in this material, including R ratio effects, under uniaxial cyclic loading conditions are reported in ͓27,28͔.
Three independent strain states that can be achieved homogeneously in a test specimen cut from a sheet of rubber are simple tension, planar tension ͑also called ''pure shear''͒, and equibiaxial tension. The specimens and their corresponding stress and stretch states are illustrated in Fig. 1 . It should be noted that the equibiaxial tension strain state is entirely equivalent to the strain state associated with simple compression. The corresponding equibiaxial and simple compression Cauchy stress states differ in the hydrostatic stress component. These test specimens were cut from a rubber sheet with a thickness of 1 mm, using dies of appropriate shape. The rubber sheet was produced by compression molding.
For the axial/torsion strain states, a specimen was developed in which simultaneous axial and shear strains are produced via independently controlled axial and twist displacements of rigid mounting rings. The specimen is a short, hollow cylinder of rubber, bonded between two steel mounting rings, as shown in Fig. 2 . Details of the specimen design and analysis are provided in ͓29͔.
Test Procedure for Simple, Planar, and Equibiaxial
Tension Specimens. The initial, transient, and cyclically stable stress-strain responses were recorded at multiple levels of maximum strain, in each of the three strain states. All testing, for both monotonic and cyclic loading, in all three strain states, was conducted in strain control, at a strain rate of 1 percent strain/second. Reflective tape affixed to specimen surfaces was used to mark the gauge length, and strains were measured continuously via a laser extensometer. Tests were conducted at lab temperature, nominally 20°C. For cyclic tests, Rϭ min / max ϭ0 straining was used. Monotonic loading curves and cyclic, quasi-static stress-strain curves at the 8th cycle were recorded. By Nϭ8, it was observed that the stress on the loading curve corresponding to one half of the peak strain changed less than 0.3 percent per cycle.
Axial-Torsion Experimental Program.
All axial/ torsion experiments were run on a servo-hydraulic, axial-torsion test frame. Gripping of the specimen was achieved through a pair Four main categories of loading history were investigated: pure axial loading, pure torsional loading, proportional loading, and non-proportional loading. The specific multiaxial loading path types investigated, and the associated path designations that are used throughout this paper, are shown in Fig. 3 . Unless otherwise noted, all testing was carried out under simultaneous, independent, sinusoidal load frame actuator displacement/twist control. For cyclic tests, cycling frequencies varied from 0.5 to 6 Hz. The range of multiaxial states covered in this investigation is illustrated in Fig. 4 , which plots the peak axial and shear engineering strain components, 11 and 21 , respectively. Only matrix points from axial, torsional, and proportional tests ͑path codes A through F͒ are shown. For tests involving out-of-phase deformation, a single point on the plot does not adequately represent the locus of states through which the specimen passes. Note that the loci for all out-of-phase tests conducted lie within the region shown for in-phase tests. While path codes A through F trace a radial line from the origin to the point plotted, the other histories trace nonradial paths in this plot. The peak strain levels for nonproportional tests were selected to duplicate those used in proportional tests. Figure 5 shows the peak maximum and transverse principal strains associated with the multiaxial states considered. It can be seen that although a wide range of strain states and history types were investigated, there remains a significant range of states for which no data were generated. For comparison, lines of constant stretch biaxiality B (ϭlog 2 /log 1 , where 1 is the first principal stretch and 2 is the transverse stretch͒ are also plotted. The strain states of this study range between pure simple shear (BϭϪ1) and planar tension (Bϭ0). A few tests, using path F, achieved B ϽϪ1. No tests in the range 0ϽBϽ1, or BϽϪ1.5 are possible with the present specimen.
Axial cyclic testing ͑path A͒ was conducted under Rϭ0 conditions, with peak axial engineering strains ranging from 25 percent to 200 percent. As a preliminary assessment of the interaction of the Mullins effect with fatigue-induced cyclic softening, two axial tests were run in which an overload was initially applied for 10 cycles, followed by subsequent loading at a nominal level. Cyclic torsion testing was conducted at both Rϭ0 ͑path B͒ and Rϭ Ϫ1 ͑path C͒ conditions. The pure axial and pure torsion states represent the extremes of the stretch biaxiality B available in the axial/torsion specimen ͑with the exception of combined compression/torsion states͒. As with the axial testing, two Rϭ0, path B torsion tests were run in which an overload was initially applied for 10 cycles.
Proportional testing, in which the axial and twist displacements trace a linear path of constant slope through the origin, was conducted primarily for Rϭ0 conditions ͑path D͒. Two ratios of axial to twist displacement were employed, designated as paths D1 and D2 in Figs. 4 and 5. In Figs. 4 and 5, it can be seen that the biaxiality of the proportional strain states associated with path D are intermediate between pure axial and pure torsion. Several proportional tests were also run with RϭϪ1 ͑path E͒. Path F tests Transactions of the ASME involve a combination of torsion and axial compression and extend the range of stretch biaxiality beyond the pure torsion extreme, as shown in Fig. 5 . Nonproportional testing, in which the axial and twist components differed by a phase angle , was also conducted. The axial and torsion components were individually Rϭ0. Paths D, G, H, and I correspond to tension-torsion tests with phase angles of 0 deg, 45 deg, 90 deg, and 180 deg, respectively. Of course, path D is a purely proportional test, and path I may be considered as a cyclic proportional test with a static offset. An important difference between paths D and I is that minimal rotation of the strain state occurs along path D, while path I maximizes rotation of the strain state relative to the material. Path L corresponds to a compression-torsion test in which the peak compression is reached 180 deg out-of-phase with the peak torsion. Similar to path I, Path L may be considered as a cyclic proportional test with a static offset, but differs from the truly proportional case in that strain state rotation is maximized. Figure 6 shows the monotonic loading curves obtained in simple tension, planar tension, and equibiaxial tension. The observed ranking at a given strain is typical, and can be predicted from small-strain linear elasticity, where ϭ0.5, ST / ST ϭ1, PT / ST ϭ1/(1Ϫ 2 )ϭ1.333, and EB / ST ϭ1/(1 Ϫ)ϭ2. ST is the stress in simple tension, PT is the stress in planar tension, EB is the stress in equibiaxial tension, and is Poisson's ratio. The planar and equibiaxial curves do not extend entirely to specimen failure, due to limitations of the experimental gripping arrangement. The simple tension curve ends at the point of failure, in this case 192 percent extension. Figure 7 shows the resulting families of stress-strain curves in simple tension, planar tension, and equibiaxial tension for cycli- Fig. 7 Cyclically stable stress-strain curves in progressively increasing simple tension "a…, planar tension "b…, and equibiaxial tension "c…, and comparison of best-fit Neo-Hookean model to curves in simple and equibiaxial tension "d… cally stable conditions (Nϭ8) at several peak strain levels. The Mullins effect is observed to exert a similar influence in all three strain states. It is interesting to note that, at lower strain levels, the softened curve rejoins the virgin curve quite accurately upon extension beyond the prior maximum. At higher strain levels, the peak cyclic stress of the softened curve at Nϭ8 is observed to be somewhat lower than the monotonic loading curve. Two mechanisms that may contribute to such an effect in strain-controlled tests are rapid initial growth of pre-existing flaws at high strain levels, and/or enhanced viscoelastic stress relaxation at large strains.
Experimental Results and Stress-Strain Characterization

Results and Discussion of Simple, Planar, and Equibiaxial Tension Tests.
It may also be observed that a small residual strain remains after unloading. The residual strain appears to depend on the peak strain achieved during the load history, and stabilizes very quickly after the first loading. Note that in less confined strain states ͑simple tension and planar tension͒, more residual strain occurs than in more confined strain states ͑equibiaxial tension͒. It is believed that the strain softening effect is associated with the presence of fillers in the rubber, and their influence on bond breakage through a strain-amplifying effect ͓30͔. The residual strain effect may have similar origins, as suggested by the fact that the residual strain is induced during the same loading events that result in strain softening.
In the case of cyclic loading, the stabilized stress-strain curve does not follow a single path, as predicted by hyperelastic theories. Instead, the stress-strain behavior may be idealized as a family of stress-strain curves. The particular curve of relevance at any moment depends upon the maximum strain previously experienced. Under cyclic conditions, the relative ranking of simple, planar, and equibiaxial results are similar to the monotonic case. Figure 7͑d͒ shows the cyclically stabilized stress-strain response in simple and equibiaxial tension, for a peak strain of approximately 40 percent. For comparison, the best fit Neo-Hookean model, which assumes elastic reversibility, is also shown. The best fit shear modulus for this particular peak strain level was G ϭ2.1 MPa, which is 30 percent softer than the monotonic result. Note also that the Neo-Hookean model ͑with appropriate adjustment to the shear modulus͒ appears to fit the cyclic response up to about 30 percent strain.
The stress-strain experiments and data described in this section can be used to obtain constitutive model parameters. Ideally, once these parameters are determined, the constitutive model accurately predicts the stress state corresponding to any arbitrary strain state ͑in the case of a hyperelastic model͒, or for any arbitrary strain history ͑in the case of an inelastic model͒. In practice, real materials often exhibit behavior that is not precisely captured by a given constitutive model. The inability of hyperelastic models to capture the Mullins effect, as discussed in Sec. 2.2, is one example.
Results and Discussion of Axial-Torsion Tests.
The cyclic stress-strain response differed from the monotonic response in several significant ways. Typical results for proportional ͑path D͒ and non-proportional ͑out-of-phase, path H͒ tests are shown in Figs. 8 through 11. For each loading path, the evolution of the axial and shear stress amplitudes ͑where applicable͒ with cycles are shown, as well as typical stress-strain curves at Nϭ128. For comparison, experimentally obtained monotonic stress-strain curves are superimposed with the Nϭ128 stress-strain curves.
Certain trends were exhibited in all displacement-controlled tests, independent of path type. Consistent with the strainsoftening phenomenon described in Sec. 4.1 ͑the Mullins effect͒, the first few cycles invariably induced a considerable decrease in the stiffness of the material. In displacement-controlled tests, this is manifest by a decrease in stress amplitude. Following this rapid transient, the material response settles into a more gradual semilogarithmic trend in which the stiffness decreases with many cycles. In the final portion of the test, the rate of stiffness degradation increases rapidly, until the specimen is completely broken.
The degree to which rubber is initially softened by the Mullins effect depends on the maximum strain experienced during the loading history. The larger the maximum strain experienced, the softer the stabilized response. A large portion of the initial softening is accomplished within the first 10 cycles. This large initial decrease in material stiffness is believed to be associated with the irreversible breakage of various types of bonds in the elastomer network. The strong dependence of this effect on the presence of fillers is related to the strain-amplifying effect of the fillers. That the effect is associated with damage, and not with viscoelastic relaxations was demonstrated by McKenna and Zapas ͓22͔ and by Derham and Thomas ͓21͔. This implies that neither hyperelasticity nor hyperviscoelasticity can accurately describe the cyclic behavior of filled rubber. It has also been suggested that Mullins effect damage translates into accelerated creep and a larger strain at failure ͓22͔.
Subsequently, there is a transition period between 10 and 100 cycles, in which the rate of stiffness decrease falls. Beyond about 100 cycles, a constant semi-logarithmic rate of stiffness decrease is observed, such that a straight-line fit to a plot of stiffness ͑or stress amplitude͒ versus log(N) adequately describes the results. The rate of the stiffness decrease is observed to vary with the applied loading, with higher loads resulting in more decrease in stiffness. As the number of applied cycles approaches to within a factor of 1/2 or 1/3 of the final life, the rate of stiffness decrease accelerates rapidly. From visual inspection of test specimens, it is known that this portion of each test is clearly associated with the appearance and growth of visible cracks. Figure 12 shows strain and stress paths representative of displacement-controlled axial-torsion tests, for phase angles of ϭ0 deg ͑path D͒, ϭ45 deg ͑path G͒, ϭ90 deg ͑path H͒, and ϭ180 deg ͑path I͒. The results shown are for Nϭ128. Figure 13 shows the evolution of stress paths with applied cycles. The evolution of out-of-phase stress paths does not appear to differ significantly from the evolution of in-phase stress paths. In all cases, a large initial transient softening is followed by gradual cyclic softening. In all cases, as the applied strain approaches zero, both the axial and torsional loads pass through brief sign reversals. These reversals indicate the presence of inelastic behavior, which is observed to be fully developed within the first 8 applied cycles. The softening is observed to affect the shear stress in proportion to its effect on the axial stress. This can be seen from the fact that stress proportionality ͑the ratio of peak shear stress to peak axial stress͒ does not seem to evolve with cycles. These results suggest that, after the initial softening transient and the associated development of a slight residual strain, the cyclic constitutive response is reasonably reversible, and that an assumption of non-linear elasticity is justified, independent of the phase between multiaxial load components.
For the tests shown in Fig. 14 for paths D, H, and I, the phase angle between the displacement components was varied at ϭ0 Fig. 14 shows that the phase angle has an effect on the shape and area of the hysteresis loop ͑with 90 deg out-of-phase histories resulting in maximum hysteresis͒. However, the overall effect of the phase angle on the elastic stress-strain response appears to be small.
A small number of tests were conducted, using paths A and B, in which an initial overload was applied for 10 cycles, followed by cyclic loading at a reduced level. Results for path B are shown in Fig. 15 . Results for Path A showed similar behavior. The initial overload had a profound effect on subsequent evolution of the stress amplitude. After the application of an initial overload, the previously described trend of logarithmic decrease in stress amplitude disappears entirely. Instead, the stress amplitude remains almost entirely constant, or may even exhibit a 'healing' effect, whereby additional cycles actually serve to slightly stiffen the rubber.
Extending Derham and Thomas' ͓21͔ suggestion, it is speculated that the logarithmic decrease of stress-amplitude in the nooverload case may be associated with the same mechanism that gives rise to the initial Mullins effect. The Mullins effect is believed to arise due to breakage or rearrangement of bonds in the elastomer-filler material system. For example, chains in the network do not occur at a single uniform length; rather, they occur as a distribution. Under deformation to a new peak level, chains shorter than a critical length in the elastomer network become fully extended, then break irreversibly. The resulting decrease in the number of load bearing network chains is then manifest as a permanent decrease in stiffness. The dependence on peak deformation arises because the peak deformation determines the critical chain length. This concept of the process seems consistent with that fact that the softening transient occurs so rapidly. The fact that the Mullins effect in unfilled rubbers is almost negligible, Transactions of the ASME while it is quite large in filled rubbers is believed to be due to the strain-amplifying effect of the filler on the matrix rubber ͓18͔. In this context, the logarithmic decrease of stress-amplitude in the no-overload case occurs because chains near the critical length have the opportunity to be broken with each new cycle. Gradual evolution of the rubber/filler network topology with cycles would provide additional network chains that fall below the critical chain length associated with the peak deformation. For the case of the initial overload, subsequent sub-overload deformations are insufficient to result in critical chain extension and breakage, even in the presence of gradual evolution of the rubber/filler network topology.
Conclusions
Monotonic and cyclic stress-strain experiments were conducted with filled natural rubber under strain states of simple tension, planar tension, and equibiaxial tension, as well as strain states arising from combined axial and twist deformations of a short, hollow cylindrical specimen. The following conclusions can be made:
1. The cyclic stress-strain response of filled rubbers exhibits significant softening relative to the monotonic response of the virgin material. The magnitude of the softening depends on the maximum strain experienced. The larger the maximum strain experienced, the softer the stabilized response. The effect is known as the Mullins effect. Hyperelastic models do not capture this effect, and constitutive models capable of addressing the strain softening effect need to be developed.
2. A large portion of the initial softening is accomplished within the first 10 cycles. This large initial decrease in material stiffness is believed to be associated with the irreversible breakage of various types of bonds in the elastomer-filler composite.
3. After a short period of significant softening, the stress-strain response under constant-amplitude cyclic loading exhibits a logarithmic trend of additional softening. It is believed that this effect is associated with the presence of fillers in the rubber, and their influence on network chain breakage.
4. The Mullins effect is observed to exert a similar influence in simple tension, planar tension, and equibiaxial tension.
5. Although many options exist for accurately modeling nonlinear elastic behavior, the actual behavior of filled rubber under cyclic loading was found to exhibit important deviations from nonlinear elasticity.
6. The phase angle has an effect on the shape and area of the hysteresis loop, with 90 deg out-of-phase histories resulting in maximum hysteresis. However, the overall effect of the phase angle on the elastic stress-strain response appears to be small. In addition, the evolution of stress amplitude for out-of-phase paths does not differ significantly from the evolution of in-phase paths. The softening is observed to affect the shear stress in proportion to its effect on the axial stress. These results suggest that the steadystate cyclic constitutive response is reasonably reversible and that an assumption of nonlinear elasticity is justified, independent of the phase between multiaxial load components.
7. An initial overload has a profound effect on subsequent evolution of the stress amplitude. After the application of an initial overload, the trend of logarithmic decrease in stress amplitude disappears entirely. Instead, the stress amplitude remains almost entirely constant, or may even exhibit a 'healing' effect, whereby additional cycles actually serve to slightly stiffen the rubber.
